A packaging solution has been developed to accurately align a microlens array over a micro-UV-LED array. The novel method provides static as well as dynamic alignment capabilities, the latter allowing the microlens array to be moved in vertical and lateral direction
Introduction
The accurate positioning of micro-optics over surface active devices (SAD) has long played a crucial part in MOEMS packaging in particular for optimum optical interconnection with other optical devices [1, 2] . Different alignment methods between SADs and optical components have been used in that respect, most of them necessitating expensive macro alignment tools [3] . Once placed in position, the optics cannot be moved anymore forbidding, for example, the dynamic change of the focal point of the device [4, 5, 6] .
As a counterpoint to these methods, a fully integrated packaging solution is presented, which allows the static and dynamic alignment of a microlens array (µLens) placed on top of a micro-UV-LED-array (µLED). Static alignment is achieved by the accurate positioning and locking of the microlens array in the vertical as well as lateral directions. The dynamic approach is carried out by the movement of µLens in vertical (and lateral) direction which allows to change the focal point of the system in real-time. Fig. 1 illustrates the basic alignment structure. The µLens with its four posts is flipped and placed onto the µLED, by inserting its posts into the designated cavities of the µLED structure. Four posts are used to make the contact area between the two devices as small as possible, thereby reducing the probability of misalignment due to the evenness of the substrate or the posts and the presence of particulates that can be bridged. The two electrodes, situated at the bottom of the µLens serve manifold purposes and hence differ in shape according to the assigned task. For the static approach, the electrodes are within the cavities themselves, which can be individually electroplated to a certain thickness with an accuracy of less than 1 µm. Since each electrode is individually addressable, compensation of the variation of possible post heights is possible; this unevenness may occur on the µLens due to thickness variations resulting from the spinning process. The post and cavities also serve as a means for lateral alignment. Since the air is able to escape during the assembly process, no air pressure builds up within the device, hence causing fewer disturbances for the alignment process itself. Once the desired position is reached, the device can be fixed by exposing the device to UV-light which cures the UV curable adhesive drops deposited prior to the assembly process. Once the composition is fixed, the device can be sealed.
With few modifications in the fabrication process, the static approach can be rendered into the dynamic approach. A simple electrostatic actuator is created, which is capable of actuating the µLens in vertical direction with respect to the µLED to adjust the focal point of the beam. On each side of the µLED, a pair of electrodes, shown in Fig. 1 , interacts with the corresponding floating electrode of the µLens, when a voltage is applied. Lateral movement can also be achieved by just one additional electroplating step during fabrication. The lateral actuation exploits the magnetic field for the force generation. It is possible to actuate the electrostatic actuator simultaneously with the magnetic actuator. Fig. 1 . Schematic of the alignment concept.
Fabrication
Both the µLens and µLED were only available as diced chips rather than as entire wafer. This somehow complicated the manufacturing of the packaging. The µLED chip has lateral dimensions of around 8.2 mm x 8.2 mm and the 256 mm 2 square µLens is to be cut subsequently to 6.4mm x 6.4mm. The small chip size has a negative impact on the thickness uniformity of the photoresist which is to be spun on the surface of the die. In particular, the so-called edge-bead effect is a challenging problem and was overcome by the method shown in Fig.2 . The left side (1) shows the effect of the processing if no distribution slides are used. Here, the µLens is glued on the glass wafer for spinning purposes by using an initial layer of AZ9260 ® photoresist. SU8 is then poured over the µLens and parts of the underlying wafer. After spinning, the undesired edge bead is formed on the device and the functional area where the posts are supposed to be built. The right hand side of Fig. 2 (2) depicts the solution that was developed. Firstly a thin layer of AZ9260 ® photoresist is spun onto the wafer which is then placed onto a hotplate to make its surface solid. The devices can now be easily placed onto the wafer and, if necessary, slid towards the correct position. The µLens as well as the distribution slides are placed onto the wafer such that their edges encircle tightly the µLens, with no gap between the lens and the slides. The distribution slides should have the same surface energy and thickness as the material used for the µLens; otherwise surface tension effects would occur in proximity of the µLens. As shown in Fig.2 (2b) the edge bead is removed from the important area of the µLens.
The initial thin layer of AZ9260 ® resist acts also as a sacrificial layer and eases also the removal of the µLens and the distribution slides. Due to the relatively large areas but small gaps between the placed objects and the glass wafer, a chemical removal would take too long and would have negative effects on the manufactured structure. By placing the assembly onto a hotplate for a short period of time, the AZ9260 ® layer melts and the objects could be removed from the wafer. Such a method to obtain uniform thickness of the posts would not have been necessary if the µLens and µLed arrays had been available as entire wafers. The µLED-chip features different areas that need to be considered for the structure of the package. The device itself was not designed for packaging; hence different compromises had to be made in order to achieve the given goals. Fig 3 shows the different areas A, B, C, D which are defined by means of the set theory. For instance, B is the intersection of, or overlapping area between, the vertical element B v with the horizontal element B h minus the area of A. Taking into account the four-fold symmetry of the device, only one quarter is displayed in Fig. 3 . Area A, where the LEDs are situated, needs to be ultimately free of any deposited material to prevent the attenuation of the device outputs. This means that, for certain process steps, this area needs to be temporary covered to protect the underlying LEDs. B represents the area which accommodates the gold electrical connection tracks which are on top of the sapphire substrate. Both materials occupy about 50% of this total surface area. This ratio is of importance for the adhesion of the initial base layer (Fig. 4 ). Area C in Fig. 3 represent the area where the bond pads of the LEDs are situated (Fig. 1 ). This area needs also to be kept free of any material at the end of the packaging process, for the subsequent wire bonding of the device. For certain manufacturing steps, such as the evaporation of the electrodes shown in Fig. 1 , this area needs to be protected to ensure that no electrical shortcuts appear. Area D is mostly used for the placement of electrical pads used for electroplating as well as the actuation of the device itself (Fig. 1) . Area C represents a functional border for the whole packaging process. For the actuation of the device, a path has to be created for the transfer of energy between D and B, hence a few bond pads of the LEDs have to be sacrificed. As Fig. 1 suggests, these paths were chosen to be in the middle as it affects only the central LEDs of the array. The LEDs in the four corners could not be touched as they are used for the characterization of the alignment of the µLens. B is the area where the sealing takes place in the static approach and the actuation of the µLens occurs in the dynamic approach. It was not practical to have the sealing already on the area D, since the bond pads of the LEDs would not have been accessible anymore.
The entire structure is manufactured by a modified UV-LIGA process using predominantly the photoresist SU8 as shown in Fig. 4 . The temperature of the entire fabrication process is kept under 120 °C to protect the lifetime of the UV-LED array. The 5 µm thick SU8 base layer serves as an electrically insulating layer that prevents the shortcut of the gold tracks running towards the LEDs but leaves their bond pads accessible. This layer is followed by a function layer, which is used as electrodes for electroplating and electrostatic actuation. A 40 µm thick SU8 structure layer is then placed on top of that build up. This layer serves predominantly as a lateral alignment structure and, in the dynamic approach, as a lateral guide. It is the only layer of the µLED that needs to be very accurately aligned with respect to the already existing alignment marks on the given chip. This method improves the alignment accuracy since no alignment marks of previous steps are being used. This would only worsen the accuracy due to the cascading of the build up of the different alignment tolerances. The last process step is the electroplating of the magnetic layer, in the dynamic approach, or of the individual heights of the electrodes within the cavities for the static approach. In both cases, the voltage is applied to the pads and the structure layer sets the limit of plating for the lateral direction.
The production of the µLens packaging structure starts with the evaporation of titanium for the construction of the four floating electrodes as shown if Fig. 1 . This layer is not only useful in the dynamic approach but also for the improvement of the adhesion in the static approach, where the posts might be made of SU8. For the dynamic approach, the posts are preferably made of nickel to enable lateral magnetic movement. For that purpose a layer of AZ9260 ® is spun onto the device which serves as a mold for the subsequent electroplating process. To allow the µLens array to return to its initial position in the dynamic approach, restoring posts have been manufactured using photo-patternable PDMS [7] . The posts are designed such that they fit into the gel cavities situated on the µLED. The photo-patternable PDMS based restoring posts are still been manufactured at the time of the writing of this article. A very soft silicon gel has temporarily been placed within the cavities to investigate the movement of the µLens. Fig. 4 The alignment structure of the µLED is built with a modified UV-LIGA process. The shape of the function layer differs between the dynamic and static approaches. The build up structure of the µLens is achieved with a modified UV-LIGA process. The posts for the dynamic approach are made of Ni, for the static approach SU8.
Characteristics specific to the static approach
Even though utmost care was taken to establish a reliable process for the manufacturing of the packaging for chip sized devices, uneven surfaces of the spun photoresist are difficult to prevent. Our own findings suggest that an accuracy of only 5-10% of the overall intended thickness is achievable. Fig. 6 shows on the left-hand side a drawing of a µLens with exaggerated different post heights. Post C for instance is much smaller than post A. This fact is now taken into account by electroplating the electrode C much longer than the electrode A to compensate for that mismatch. Fig. 6 shows on the righthand side the real device with its electrodes and the subsequently assembled device of the first generation prototype. Fig. 7 shows the surface height distribution of an electrode prior (left) and after electroplating (right). The lateral dimension of the measured field is 400 µm by 400 µm and the vertical direction has a range of only 2 µm. The two peaks are considered to be artifacts from previous production steps and have been discarded for the investigation of the accuracy of the electroplating process. After having measured the height and the surface distribution of the titanium electrode, the device was then electroplated for a given time. Since the electrode is so small, an auxiliary electrode was used which had the purpose of making the electroplating thickness more tolerant to current and connection variation between the different plating sessions. The height of the electrode was then measured The time that is necessary to reach the desired height for the electrode could then be calculated by the rule of three. A measured thickness between 15.1 and 15.6 µm was obtained for an ideal value of 15 µm. Other measurements corroborated the findings, that with this method, sub micron accuracy can be achieved. The idea of just using small areas for the actual alignment process was also pursued with regards to the lateral direction as shown in Fig. 8 . The left part shows the µLens and µLED prior to the assembly (1). The posts on the µLens are considerably smaller than the cavities on the µLED, hence making it easy to place the two devices roughly together. A force, F actio , diagonally applied to the µLens moves it until it touches the sidewalls of A and D. F reactio_x and F reactio_y , establish equilibrium of the forces and hence alignment. With the proposed method, only 2 sidewalls as opposed to 16, need to be very accurate, hence reducing the possibility of misalignment. The vertical alignment is automatically achieved due to the height of the electrodes and posts as explained earlier on. This method allows the precise alignment without the need for a high precision alignment tool, provided that the exposure tool, which manufactures the posts and hence determines the position of the posts, is accurate enough. Fig. 8 The reduction of over determination in lateral direction has been designed and is being investigated.
Dynamic Approach
In the electrostatic actuator solution envisaged here, no electrical connection needs to be attached to the moving µLens. This is of great mechanical importance, since even a thin gold wire would, due to its mass and rigidity, disturb the equilibrium and movement of the µLens. A further advantage is the ease for the manufacturing and assembly process. If a voltage is applied between one of the four pairs of electrodes, that rest on the µLED, an electrostatic field is generated, which is "reflected" by the floating electrode of the µLens as shown in Fig. 9 on the top left. This electrode assembly can be understood as two capacitors that are connected in series. Due to the electrostatic field, the floating electrode is attracted with a force, F elec, towards the electrodes to make the capacitance as large as possible. A similar method was used for another application by [8] . The benefits of this actuation method come at the expense of a reduced force of factor 4 to 5 compared to an ordinary electrostatic actuator, where the two electrodes would be at the same potential and the floating electrode would be connected to a potential as well. Analytical calculations and FEM simulations have been compared and a good match was achieved with a difference of less than 17% (Fig. 9, right) . Fig 9, bottom left, shows the charge distribution of the tilted floating electrode. The edge closer to the electrodes have a higher charge density than the edge further away. Being electrical conductors, the voltage of the electrodes and floating electrodes remains over the entire surface the same. The designed actuator is only capable of delivering a downward attractive force. Since the gravitational force points in the same direction (device placed upside), a restoring force has to be generated in order to bring the device back into its initial position. Fig. 10 shows on the left side the gel bumps which were placed within the gel cavities (Fig. 1) . A zoomed out picture is shown in the centre bottom of Fig. 10 . Gel offers elastic properties in all directions making it an interesting material for robust and reliable structure which are easy to fabricate. The µLens (middle top) was then placed in top and the displacement was measured by using a confocal chromatic measurement system (micro-epsilon, optoNCDT 2400). Fig. 10 right, shows the step response of the system with voltages applied between 0 and 350 V, with 50 V increments, a duty cycle of 50% and a period time of 8 minutes. For 350 V, displacements of around 27 µm where achieved with good repeatability. The slope at 350 V indicates, that no static equilibrium is achieved even after 4 min. Voltages over 300 V confirmed this finding even after an on-time of 40 minutes This is attributed to the viscous behavior of the used gel. As mentioned earlier, the gel bumps will be replaced with photo-patternable PDMS posts ( Fig. 1 ) which will offer more controllability in the making and better reproducible features for easier characterization. Displacement measurement using step voltages, after the µLens (top middle) has been placed onto the µLED.
Using a closed loop control system that was implemented within SIMULINK ® , a displacement could easily be obtained and held with an accuracy of less than 100 nm. The vibration of the building itself, prevented a more accurate measurement.
As shown in Fig. 4 , a magnetic layer can be manufactured onto the function layer of the µLED by electroplating a ferromagnetic material such as nickel. Fig. 11 presents a schematic of a configuration which yields a lateral magnetic actuator with simultaneous vertical electrostatic actuation. For that purpose, an external driving device needs to be attached to the pads of the µLED. This device can be macro-or microfabricated. The electrical insulator resists the high voltages used for the vertical electrostatic actuator, but permits easily the magnetic flux that is created by the coil and its current i. The magnetic flux, Φ, passes along the magnetic path and reaches the cavity of the µLED where the post of the µLens is situated (Fig.11, top right) . Here the two tracks react as a controlled horseshoe magnet and attract the ferromagnetic post with a force F m to make the distance d m as small as possible. This force moves the entire µLens into this direction. One of these dual actuators is attached to each side, thereby making it possible to move the µLens in both x and y directions. The aforementioned gel, having elastic properties also in lateral directions, plays also an important role. Preliminary tests have been conducted and the post was moved within the cavity even when filled with a viscous fluid. The current that needs to be used to achieve that movement is at the moment large (>400 mA), which indicates that the magnetic path needs further improvement with regards to its magnetic permeability. Another challenge of this actuation mechanism is the hysteresis behavior of the materials involved. Together with the high nonlinear behavior of the magnetic path and the actuator itself, this renders the entire actuation control and characterization complicated. Independent movement of each type of actuator could be performed, while the magnetic one still needs further improvement and investigation. The concept of the dual actuator provides also interesting possibilities for mass fabrication of the static approach. There the external driving devices could only be temporarily attached during the alignment and fixation process and then be removed.
Conclusions
An alignment structure was presented that takes advantage of reduced contact area to reduce the probability of misalignment in lateral as well as vertical directions. It was shown that by electroplating sub-micron alignment accuracy is feasible in the vertical direction for the static approach. An electrostatic actuator was presented that evolved out of the aforementioned design and its movement was demonstrated. A dual actuator, which makes simultaneous use of a magnetic and electrostatic field for actuation, was presented and the magnetic element of the actuator was partially tested.
